We study supersymmetric (SUSY) models derived from the ten-dimensional SUSY YangMills theory compactified on magnetized orbifolds, with nonvanishing Fayet-Iliopoulos (FI) terms induced by magnetic fluxes in extra dimensions. Allowing the presence of FI-terms relaxes a constraint on flux configurations in SUSY model building based on magnetized backgrounds. In this case, charged fields develop their vacuum expectation values (VEVs) to cancel the FI-terms in the D-flat directions of fluxed gauge symmetries, which break the gauge symmetries and lead to a SUSY vacuum. Based on this idea, we propose a new class of SUSY magnetized orbifold models with three generations of quarks and leptons. Especially, we construct a model where the right-handed sneutrinos develop their VEVs which restore the supersymmetry but yield lepton number violating terms below the compactification scale, and show their phenomenological consequences. *
Introduction
There remain several puzzles in the standard model (SM) even though the last missing piece, the Higgs boson, was discovered at the Large Hadron Collider [1] . In particular, an origin of the flavor structure is remarkable one in particle physics, that is, the reason why our world consists of three generations of the quarks and the leptons, what is more, with hierarchical Yukawa couplings.
The extra dimensions of space are known as a great candidate for the new physics beyond the SM, which provides a source of hierarchy [2] for explaining the flavor structure and it has been studied actively so far. This is also preferable from a theoretical point of view because superstring theories, candidates for the unified theory, are defined in ten-dimensional (10D) spacetime. We usually consider ten-or other higher-dimensional supersymmetric Yang-Mills (SYM) theory to study compactifications of the extra dimensional space, because they provide simple frameworks for such a purpose and, even more, well motivated by superstring theories. We expect that a nontrivial structure in the extra compact space generates the observed flavor structures of the SM and realistic models would be obtained as four-dimensional (4D) effective field theories of the higher-dimensional SYM theories.
It is known that magnetic fluxes in the compact space have a potential to realize the hierarchical flavor structures [3, 4] . Furthermore, in higher-dimensional SYM theories compactified on a product of two-dimensional (2D) tori with magnetic fluxes, an analytic form of zero-mode wavefunctions can be obtained by solving the Dirac equation, which lead to an explicit form of 4D effective Yukawa couplings [4] . In accordance with this result, a concrete model consistent with the minimal supersymmetric SM (MSSM) was constructed with a (semi-)realistic pattern of the masses and the mixing angles of quarks and leptons [5, 6] .
We can utilize Z N orbifolding for constructing more realistic models well in the magnetized toroidal compactifications. While the three-generation structure is uniquely given with a ∆ (27) flavor symmetry on magnetized tori without orbifolding, the orbifold projections as well as certain classes of Wilson-lines lead to a broad variety of three-generation structure with different types of flavor symmetries [7] , and furthermore it can eliminate some phenomenologically disfavored extra massless field contents. The three-generation structures were systematically studied with Z 2 orbifolds [8, 9] and Z 3,4,6 ones [10] .
It is not straightforward to find a supersymmetric (SUSY) SM vacuum on magnetized backgrounds, because magnetic flux in extra compact space generically produces the Fayet-Iliopoulos (FI) term [11] for the hypercharge and/or extra U(1) factors. When there are charged fields without their mass terms in the superpotential, the FI-term makes the charged fields develop nonvanishing Vacuum Expectation Values (VEVs), which break the fluxed gauge symmetry and lead to sizable D-term contributions to the charged scalar masses. Thus, in previous works [5, 12] , it has been required that the FI-terms produced on three 2D tori are canceled out by each other in the SUSY model building based on magnetized SYM theories.
In the present paper, we allow configurations of magnetic fluxes which induce nonvanishing FI-terms for extra U(1) gauge symmetries other than the U(1) hypercharge to construct a new class of models. An anomalous U(1) symmetry with a nonvanishing FI-term has been intensively studied in generic 4D SUSY models, motivated by string models [13] . In such works, they found that the presence of FI-terms can play a significant role in phenomenology of particle physics and cosmology. This motivates us to study the magnetized orbifold models with FI-terms classically produced by the magnetic fluxes and we expect that the models with FI-terms lead to phenomenological implications very different from those without the FI-terms.
In the presence of FI-term in a U(1) sector, charged scalars tend to develop their VEVs for the D-term to vanish. In the magnetized models, the typical scale of the VEVs is almost equal to the compactification scale. Since that is usually as high as the Grand Unification (GUT) scale or Planck scale, the responsible fields must be a SM singlet. In this paper, we especially focus on the right-handed sneutrinos, which are SM singlets but can play phenomenologically relevant roles in the MSSM sector, and consider their nonvanishing VEVs in the D-flat directions of fluxed U(1) symmetries to cancel the FI-term. This paper is organized as follows.
In Section 2, we give an overview of magnetized orbifold models and show some basic ideas for realizing a new class of models with flux-induced FI-terms. We first explain the D-terms in the toroidal compactification of 10D SYM theories with magnetic fluxes and the orbifolding in Section 2.1, and show how to construct the MSSM-like models by introducing flux-induced FI-terms in some U(1) subgroups of U(8) SYM theory on a magnetized orbifold in Section 2.2.
Subsequently, in Section 3, we construct a SUSY model with flux-induced FI-terms for certain U(1) subgroups of U (8), which make the right-handed sneutrinos develop their VEVs in the D-flat directions leading to a SUSY minimum. We show the almost unique flux configuration which realizes three generations of quarks and leptons at the SUSY minimum where the sneutrinos have VEVs in Section 3.1. In Section 3.2, we show the superpotential of our model and discuss a relation between the textures of the µ-terms and the lepton number violating mass terms. Their interplay modifies the flavor structure of the leptons. We estimate the mass ratios and mixing angles of the quarks and the leptons in a numerical calculation in Section 3.3, where we show that our model leads to a hopeful spectrum of the SM matter fields.
Finally, we summarize our result and discuss its future prospect in Section 4. The analytic forms of Yukawa couplings are shown in Appendix A for the model shown in Section 3.1.
Flux-induced FI-terms on magnetized orbifolds
We briefly review the magnetized compactification with/without orbifolding in 10D SYM theories. It will be shown that the magnetic fluxes break the gauge symmetry down to a product of several unbroken gauge subgroups and bifundamental gaugino fields of the unbroken subgroups have degenerate zero-modes with their conjugate ones eliminated, that is, generations of chiral fermions like the SM are obtained.
The magnetic fluxes in general produce FI-terms for some of the unbroken gauge subgroups. In previous works [5, 12] for SUSY model building, it has been required that the FI-terms do not appear for any of the subgroups, otherwise SUSY is broken or those can lead to color and/or electromagnetism breaking vacua in some cases. The conditions for the FI-terms to vanish is so strong that we have been found a few configurations of magnetic fluxes which lead to three generations of the quarks and leptons preserving SUSY so far [12] .
In the present paper, we consider model building such that the flux-induced FI-terms are nonvanishing for some U(1)s (other than the hypercharge U(1)) and the charged (but SMsinglet) scalar fields develop their VEVs to cancel the FI-terms in the D-term potential, leading to a SUSY minimum of the scalar potential. Then we will see in the following and in the next section that, the allowed flux configurations for the SUSY model building and the resultant phenomenologies are quite different from those with vanishing FI-terms.
D-terms on magnetized tori
First we review the 10D SYM theories compactified on magnetized tori and orbifolds. We exclusively consider a product of three 2D tori as a six-dimensional extra compact space, which are described by complex coordinates (z i ,z i ) (i = 1, 2, 3). The 10D SYM theory contains a pair of 10D gauge field A M (M = 0, 1, . . . , 9) and 10D Majorana-Weyl spinor field λ.
We decompose them into a 4D vector A µ (µ = 0, 1, 2, 3), three 4D complex scalars ϕ i and four 4D Weyl spinor fields λ ±±± as
Here, the complex scalar field ϕ i is defined in accordance with the complex coordinate z i . Each subscript "±" accompanied with 4D Weyl spinors λ ±±± represents the chirality on one of the three 2D tori. 4D Weyl spinors with other combinations of ±s, e.g., λ −−− , do not appear because here the 10D spinor field λ is an eigenstate of a 10D chirality operator with a positive eigenvalue as a result of the Majorana-Weyl condition. These component fields form 4D N = 1 supermultiplets with auxiliary fields F i and D as
where (λ 0 , λ 1 , λ 2 , λ 3 ) = (λ +++ , λ +−− , λ −+− , λ −−+ ). In Ref. [14, 15] , the 10D SYM action is expressed in the 4D N = 1 superspace by using these superfields. We compactify it on a product of the 4D Minkowski spacetime and three 2D tori,
, and introduce Abelian constant magnetic fluxes on the tori, which was studied in Ref. [16] and its 4D effective action is derived in a systematic way shown there.
Let us consider 10D U(N) SYM theories compactified on three 2D tori with magnetic fluxes of (1, 1) form, e.g., Table 1 : The number of degenerate zero-modes on magnetized Z 2 orbifolds where n ∈ N [8] .
b , are different from each other, the gauge symmetry is broken as U(N) → U(N a ) × U(N b ). In this paper, we will not consider magnetic fluxes of the other forms, i.e., (2, 0) and (0, 2) forms. On this magnetized background, U(N) adjoint field is decomposed as
The VEVs of zero-modes of auxiliary fields D a and (F i ) a in U(N a )-adjoint vector and chiral superfields V aa and (φ i ) aa are determined by their equations of motion respectively as
where we denote the i-th 2D torus area by A (i) . Then the conditions for preserving 4D N = 1 SUSY are simply described by D a = 0, i.e., degenerate zero-modes for (φ i ) ab and (φ j =i ) ba , and their conjugate ones, (φ i ) ba and (φ j =i ) ab , are then eliminated in the low-energy spectrum, which yield generations of chiral fermions [3, 4] . ab , all of representations have a single zero-mode with a flat wavefunction. Next, we go on to the compactification on magnetized orbifolds. Systematic studies of Z N (N=3,4,6) orbifolds with magnetic fluxes have been recently done [10] . In this paper we concentrate on the Z 2 orbifolds [8, 9] , where all field contents are assigned into either even or odd modes under the Z 2 parity. The numbers of degenerate even or odd zero-modes produced by the magnetic fluxes are reduced because of the orbifold projection and these zero-modes numbers are shown in Table 1 [8] .
It is also remarkable in our discussion that these Z 2 parities are assigned by respecting the superfield formulation where the 4D N = 1 SUSY is manifest. This determines the transformation low of the superfields under the Z 2 . For example, under a Z 2 operation given by
where P is a projection operator (P 2 = 1) and is an N × N-matrix in U(N) cases.
U (8) models with FI-terms
In the following, we discuss the FI-term induced by the magnetic fluxes in three-generation magnetized orbifold models. The Pati-Salam like gauge group U(4) C × U(2) L × U(2) R can realize a realistic model based on magnetized backgrounds. This is derived from the U(8) SYM theory with magnetic fluxes of the form
The representation (1, 2,2) of the respective unbroken subgroups contains the Higgs multiplets. The left-handed and right-handed matter fields are assigned into the representation (4,2, 1) and (4, 1, 2), respectively. The right-handed sneutrinos (to get nonvanishing VEVs later) are contained in the representation (4, 1, 2). These magnetic fluxes generically produce FI-terms for the Abelian part of each unbroken gauge subgroup. For example, in the U(4) C sector, the magnetic fluxes on the three 2D tori yield constant contributions in the D-term of U(4) C ,
like in Eq. (2), due to the presence of FI-term for the U(4) C vector superfield induced by the fluxes M
In this paper, we adopt such flux configurations, which generate nonvanishing FI-terms for the fluxed U(1) vector multiplet, and consider the case that some SM singlets develop their VEVs to cancel the FI-terms in the 4D effective field theories 1 restoring the N = 1 SUSY.
Let us consider the D-term of U(N a ) subgroup with the VEVs of matter fields in its fundamental representation. The coupling of such a matter chiral superfield Φ and the gauge multiplet is described by
where V is the U(N a ) gauge superfield, and
by a certain U(N a ) rotation, where x is a real constant. In the presence of the FI-term, a SUSY vacuum is obtained when the following condition is satisfied:
For N a > 1, this cannot be satisfied because the first contribution is rank N a but the second one is rank 1 as we see in Eq. (6). Therefore we find that Eq. (7) can be satisfied only in the case with N a = 1.
From the above argument we expect that, when the unbroken subgroup which has the nonvanishing FI-term is U(1), the FI-term can be canceled by the VEVs of charged fields. In this case, the scale of VEVs is comparable to the compactification scale, which would be typically set to M GUT or M Planck . In the Pati-Salam like model obtained by the flux configuration (4), such a large value of VEV is phenomenologically allowed only for the right-handed sneutrinos. We identify them as the responsible field for canceling the FI-term. In the following, we adopt the flux configurations with which all the unbroken gauge subgroups related to the right-handed neutrinos are U (1), and consider the case that their flux-induced FI-terms are canceled by the VEVs of right-handed sneutrinos, yielding a new class of SUSY vacua.
In the Pati-Salam like model, the right-handed neutrinos are carried by the bifundamental representation of U(4) C × U(2) R . In accordance with the above discussion, these two gauge groups have to be further broken by the magnetic fluxes down to U(3) C × U(1) ℓ and U(1) r × U(1) r ′ from the beginning. This gauge symmetry breaking is realized by the magnetic fluxes of the form,
where each flux number of M
r ′ takes a different value from the others on at least one of three 2D tori i = 1, 2, 3, otherwise the unbroken gauge symmetry is enhanced. Note that, this form of the magnetic fluxes can be shifted as
without changing the spectrum in the low-energy effective field theory, and in the following we set the value of M (i) C to vanish by using this degree of freedom. On this magnetized background, the gauge symmetry is broken as
We can then assign the MSSM fields into the decomposed adjoint fields
The substructure of this 8 × 8 matrix Φ adj is exactly the same as Eq. (8). The fields denoted by Q, L, U, D, N, E, H u and H d correspond to the left-handed quarks, the left-handed leptons, the right-handed up-type quarks, the right-handed down-type quarks, the right-handed neutrinos, the right-handed charged leptons, the up-type Higgs fields and the down-type Higgs fields, respectively. The other elements symbolically expressed by * represent extra fields which can be eliminated by the interplay between the magnetic fluxes and orbifold projections. The VEVs of the right-handed sneutrinos can give rise to new contributions in U(1) ℓ and U(1) r Dterms. The sneutrino VEVs break one linear combination of these two U(1) ′ s while the other (orthogonal) combination is preserved, and the latter one is a part of U(1) hypercharge.
Because it is required for our purpose that each flux number of M (8) takes a different value from the others on at least one of three 2D tori, in order to obtain three generations of quarks Q, U, D and leptons L, N E, certain orbifold projections are necessary. Without orbifolding, the three-generation structure is generated by M = 3 unit of magnetic fluxes exclusively, and any flux configurations which induce three generations of the quarks and leptons cannot realize the required pattern of gauge symmetry breaking. In contrast, as we find in Table 1 , three generations appear with M = 4, 5, 7 or 8 unit of magnetic fluxes 2 , which allow us to construct three-generation models with the desired patterns of gauge symmetry breaking for our purpose.
If we do not allow any nonvanishing VEVs of off-diagonal (bifundamental) fields in Eq. (9) in our model building, the SUSY preserving conditions (3) for all the unbroken gauge subgroups a = C, ℓ, L, r and r ′ severely restrict the patterns of original flux configurations. Indeed, SUSY configurations of the magnetic fluxes which lead to a product gauge group with more than three subgroups have never been found [17] . On the other hand, if we consider a situation that any off-diagonal fields in Eq. (9), especially the right-handed sneutrinos denoted by N from the phenomenological viewpoint in the Pati-Salam like model, develop their nonvanishing VEVs, there appear additional contributions in the D-flat conditions and the SUSY preserving condition (3) is modified as
where M (i) is shown in Eq. (8), and the (8 × 8)-matrix X represents the contributions due to the VEVs ν i of right-handed sneutrinos. Because the right-handed neutrinos are charged under U(1) ℓ and U(1) r , the matrix X is described as
which is parametrized by x = i ν i 2 and q = ±1. The modified SUSY condition (10) allows a new class of SUSY vacua on magnetized orbifolds, which we demonstrate in the next section.
Supersymmetric models with FI-terms
Magnetized orbifolds provide a wide variety of three-generation structure. One of the key points to construct phenomenological models is that three-generation structure for quarks and leptons must be produced on a single 2D torus, otherwise the rank of Yukawa matrices is reduced to one. For this reason, we concentrate on a 2D torus for a while. The model building based on magnetized Z 2 orbifolds was studied systematically in Ref. [9, 17] . On (untwisted) magnetized Z 2 orbifolds, three generations of chiral fermions are produced by the |M| = 4, 5 units of fluxes for Z 2 even modes, and |M| = 7, 8 for odd modes as shown in Table 1 . There is a severe constraint, as well as the SUSY preserving condition, on the flux configurations due to the requirement that the numbers of H u and H d have to be equal to each other in order to avoid the anomaly of U(1) hypercharges.
The three-generation model
A systematic search performed in Ref. [17] shows that there are only four patterns of magnetic fluxes and Z 2 parity assignments on one of three 2D tori, which would be available for our purpose, namely, the gauge symmetry is suitably broken as Table 2 , where five pairs of the Higgs fields appear. Note that the assignment of Z 2 parity in this model is consistent with the nonvanishing Yukawa couplings required in (MS)SM. Other three patterns are obtained by exchanging the assignment of flux and parity between the quark and lepton sectors, and/or, the up and down sectors in the above example.
The flux configurations and the Z 2 parity assignment on the other two 2D tori are mainly determined in order to satisfy the modified version of the SUSY preserving condition (10) and induce no extra generations of quarks and leptons. These two conditions are indeed so severe that there exists one and only possible configuration which we find in a systematic search. That # of fluxes
odd 5 Table 2 : An example of magnetic fluxes felt by MSSM fields and the parity assignments for them under the Z 2 projection z i → −z i is shown.
is given by This matrix X corresponds to Eq. (11) with q = x = +1. These satisfy the SUSY preserving conditions (10) with A (1) /A (2) = 4 and A (1) /A (3) = 9. In this case, the sneutrino VEVs are given in the unit of 1/ √ A (1) , which we identify with the compactification scale because this is just the mass scale of the first excited Kaluza-Klein mode. Note that, exchanging flux configurations on the three 2D tori leads to different models on first glance, but they are physically equivalent to each other. It is just a matter of labeling the complex coordinates of three 2D tori.
On this magnetized background, we can obtain the three generations of quarks and leptons and the five pairs of Higgs fields when the Z 2 parities on each 2D torus (z i ,z i ) are assigned as shown in Table 3 . The orbifolding in (z 2 ,z 2 ) and (z 3 ,z 3 ) directions are not necessary to realize the three generations, but we impose them on the two 2D tori because they are useful to eliminate extra field contents, such as phenomenologically disfavored chiral exotics and massless adjoint fields. Note that, all the MSSM fields are assigned to Z 2 even mode on these two 2D tori otherwise they are eliminated in the 4D low-energy spectrum.
We consider T 6 /Z 2 × Z ′ 2 orbifold to realize the desired parity assignment for our purpose. The orbifold projection operators are assigned as mentioned at the end of Section 2.1; φ i → ±P φ i P −1 . We find that the following ones lead to the desirable Z 2 parities, 
On this magnetized orbifold, chiral superfields φ i produce the following zero-modes, Thanks to the structural interplay between chirality projections caused by the magnetic fluxes (12) and the above orbifold projections (13), almost all the phenomenologically unwanted extra massless modes are eliminated in the 4D spectrum, except for two generations of chiral exotic modes S which have the same hypercharge as the right-handed electrons. We also find that, in another similar pattern of suitable T 6 /Z 2 × Z ′ 2 orbifold, these exotics remain after all. In the following, we propose a way to eliminate them for getting realistic models.
It seems that the simplest way to eliminate the exotics is to twist the orbifold boundary conditions. The zero-mode structure on twisted orbifolds is different from that on untwisted ones [18] , and it is also known that this twisting is equivalent to turning on gauge field background with a vortex configuration [19] . Although we will skip the detail here, we explain only Table 4 : We show the transformation low of the MSSM fields under the Z 3 symmetry with α = Exp(2πi/3). the essence we need for our purpose, that is, how to eliminate the exotics without spoiling the nonvanishing Yukawa couplings among quarks, leptons and Higgs bosons obtained above.
Let us consider a twisted boundary condition of orbifolding in Re z 3 or Im z 3 direction, only in the U(1) r ′ sector. The twisting phase is uniquely specified on Z 2 orbifolds. We notice that only the exotics S feel a vanishing magnetic flux on the third 2D torus in the U(1) r ′ sector. As a consequence their zero-modes are eliminated by the twist, because the vanishing flux gives rise to a flat zero-mode wavefunction which cannot satisfy the twisted boundary condition. As for the other U(1) r ′ charged fields, D, E and H d , the number of their zero-modes are not changed since they feel |M| = 1 unit of magnetic fluxes. All of the other U(1) r ′ singlet fields are obviously unaffected by this twisting. Thus, we can eliminate the exotic field S in the low energy spectrum and derive a MSSM-like model without any of massless extra fields. This is one of the great feature of our model.
The VEVs of the right-handed sneutrinos lead to the lepton number violating term,
in the superpotential. This term clearly breaks the usual R-parity but we can find that our model has another discrete symmetry to prohibit the rapid proton decay. That is a Z 3 symmetry, so-called baryon triality [20] , under which the MSSM fields transform in accordance with the charge assignment shown in Table 4 . This symmetry allows the presence of the µ-term and lepton number violating terms but not baryon number violations, suppressing the proton decay. Within the MSSM matter contents, this can be an anomaly-free discrete gauge symmetry. Discrete symmetries without anomaly means that such symmetries can not be violated even by non-perturbative effects. Although our model contains extra heavy Higgs fields other than the MSSM Higgs fields, this Z 3 symmetry can be anomaly-free because the copies of (H u , H d ) cannot contribute to the anomaly with the charge assignment shown in Table 4 . 3 We stop discussing the whole anomalies here because it is necessary to construct a full system which contains hidden sectors as well as the MSSM sector to study them completely.
Mass eigenstates with sneutrino VEVs
We study the phenomenological impact of the lepton number violating mass term (14) in the superpotential. The total superpotential of our model is given by 
On the other hand, the second last term, so-called µ-term, does not appear perturbatively in the 10D SYM theory compactified on tori, but is necessary for realizing EW symmetry breaking and some other phenomenological reasons. Because our magnetized SYM model is expected to be embedded into some D-brane configurations or other stringy setup, we assume that certain nonperturbative effects, 4 higher-dimensional operators or some other extrinsic effects generate this term in our model and here treat the components of this (5 ×5)-matrixM im as parameters.
Let us consider the following rotation of the basis to diagonalize the mass terms of
where U and V are (5 × 5)-and (8 × 8)-unitary matrices, respectively. The superpotential (15) is rewritten as
We identify H The last term W L / in the superpotential (17) represents the lepton number violating terms in the present diagonal basis of
those are generated from the Yukawa couplings in the original basis. Thanks to the baryon triality, we need not concern about the proton decay process caused by W L / . However, studying the effect of these terms on the collider physics is interesting, because we can explicitly calculate all of the coupling constants except for the µ-parameter in our model. This is one of the attractive features for building models based on magnetized toroidal compactifications. The Yukawa couplings y (12) and the projection operators (13) , and their analytic forms can be derived. With these Yukawa couplings, the VEVs of multiple Higgs fields H um and H dm generate the mass matrices of quarks and leptons, e.g.,
in the original basis. Here we remark that the sneutrino VEVs deform the lepton mass matrices through the diagonalization of H u ,H d and L, because the part of the diagonalizing matrix V which rotates L i in Eq. (16) can be non-unitary (even though the whole (8 × 8)-matrix V is unitary). We show this explicitly in the following based on a simplified situation. We here note that such an effect will be taken into account when we evaluate the mass ratios and mixing angles of quarks and leptons in Section 3.3.
We can extract informations about the desired structure of the matrix µ mn which we expect to be generated by extrinsic effects. For such a purpose, let us consider a simplified situation. We denote the relevant part of the superpotential by
Instead of the rotation (16), let us suppose that the rotation of
can diagonalize the matrices µ mn andM im simultaneously as
where µ ′ i and µ ′ q are the eigenvalues of matrix µ mn . The three singular values of (3 × 5)-matrixM im are represented byM ′ i , which we can calculate explicitly on concrete magnetized backgrounds.
After the subsequent rotation,
we find the final form of the superpotential as
As we mentioned, in this diagonal basis of L ′′ , H ′ u and H ′′ d , the mass matrices of charged leptons and neutrinos are deformed, e.g.,
where the unitary matrix V ij is given in Eq. (20) , and
Matrices M and V can change the mass eigenvalues and mixing angles of the leptons because their product MV is not unitary. In general, the largest one among the three values ofM 
When µ ′ i ≪M ′ i , this would lead to an exceeding suppression, which causes some problems, clearly, in the charged-lepton sector.
For this reason, we expect that the matrix µ mn has the typical scale of O(M GUT ), and the rank of µ mn is required to be at least three (the full rank is five). In order to suppress the FCNC due to the extra Higgs multiplets and realize a 'natural' SUSY scenarios, one finds that the desirable rank of this matrix is four. We can then identify either {H
} with the MSSM Higgs doublets, because the others must be heavy owing toM ′ i discussed above. When the matrix µ mn is rank deficient, we can further infer its structure, because massive linear combinations of H um indicated by the matrixM im must also be mass eigenstates of µ mn with nonvanishing mass eigenvalues. Otherwise, some or all of the left-handed leptons are decoupled from the other MSSM matter fields. This clearly restricts the texture of the matrix µ mn . Although we are studying the simplified situation given in Eq. (20), a similar discussion could be available also in more general cases.
We can adopt an alternative scenario with tiny values of the neutrino Yukawa couplings. It is known that a global suppression factor of Yukawa couplings can be induced in some special SYM systems compactified on magnetized tori, and the suppression can be strong enough to explain the tiny neutrino masses [27] . In the case with the tiny neutrino Yukawa couplings, the mass ofM im L i H um , is very light even when ν ∼ M GUT , because the mass is given by a product of neutrino Yukawa couplings and sneutrino VEVs as shown in Eq. (15) . In this case, the mass of µ mn H um H un dominatesM ′ i , and there is no constraint on µ mn to avoid exceeding suppressions of lepton Yukawa matrices as discussed below Eq. (22) . As a result, this alternative scenario permits that the typical scale of µ mn can be much lower than M GUT (but that should be at least O(10) TeV in order to avoid the dangerous FCNC processes). This is very different from the previous scenario. For the case with µ mn ≫ O(10) TeV, the natural SUSY scenarios require that the rank of µ mn should be four. However, in the case with µ mn ∼ O(10) TeV, the full rank of matrix µ mn might be consistent with a low-scale SUSY breaking scenarios.
Mass ratios and mixing angles of quarks and leptons
We have constructed a MSSM-like model with the concrete configuration of magnetic fluxes (12) on the Z 2 × Z ′ 2 orbifold characterized by the projection operators (13) . Finally, we study the masses and mixing angles of quarks and leptons in our model.
The 4D effective Yukawa couplings in magnetized orbifold models can be expressed as linear combinations of η N defined by
where M and N are determined by the magnetic fluxes, and the Jacobi-theta function is given by
In our model, the parameter τ in Eq. (23) is identified with the complex structure of the first 2D torus in (z 1 ,z 1 ) directions where the flavor structure of SM is produced. The parameter M is given by a product of the effective magnetic fluxes felt by the left-handed matter, the right-handed matters and the Higgs fields on this 2D torus. Specifically, for the up-type quarks, the value of M is 4 × 8 × 12 = 384. It is similarly given as M = 180, 420 and 180 for the downtype quarks, neutrinos and charged leptons, respectively. With these numerical values, certain suitable hierarchies for the masses and the mixing angles can be reasonably obtained thanks to the Gaussian profile in η N [9, 17] . The analytic forms of the Yukawa couplings (before the right handed sneutrinos develop their VEVs) are explicitly shown in Appendix A. These also determine the texture of the lepton number violating massM (15) as discussed in the previous section. Based on them, we analyze the mass ratios of quarks and charged leptons as well as Cabibbo-Kobayashi-Maskawa (CKM) [28] and Pontecorvo-Maki-Nakagawa-Sakata (PMNS) [29] mixing angles but not neutrino mass squared differences here, because the neutrino mass spectrum depends on whether they are Dirac or Majorana.
The numerical analyses are simply performed for some sample values of parameters τ , M ii and VEVs ν i , v um = H um and v dm = H dm . Note that, M ii is a diagonal entry of matrix M given in Eq. (21) , and it can be controlled byμ i although the value ofM Table 5 : The sample theoretical values of the mass ratios of quarks and charged leptons as well as CKM and PMNS mixing matrices are shown. We quote the observed values from Ref. [30] .
the other parameters. The VEVs must satisfy the following conditions,
where v u and v d are the VEVs of the MSSM Higgs doublets. The first one is required to satisfy the modified SUSY condition (10) on the magnetized background (12) . Since our interest here is the mass ratios and mixing angles, the ratios of these VEVs are important. Note also that, the effects of renormalization group equations (RGEs) are not included in the analysis. It is found that the following set
and ν 1 = ν 2 = v u0 = v u1 = v d0 = v d4 = 0 leads to a hopeful pattern of the mass ratios and the mixing angles as shown in Table 5 . Although there are some unacceptable deviations from the observed values especially in the quark sector, we remark that these theoretical values are derived from very limited sample choices of parameters. We expect that more realistic pattern would be obtained by thorough analyses which remain as future works. It is interesting that the observed Cabibbo angle is obtained even in this simple analysis, that is almost unchanged by the RGE effects [31] .
Summary
We have studied a new class of supersymmetric models on magnetized orbifold, where the nonvanishing FI-terms are induced by magnetic fluxes in the extra compact space. Scalar fields charged under the fluxed gauge symmetries tend to develop nonvanishing VEVs in the D-flat directions to cancel the FI-terms and SUSY is recovered on such vacua. This idea has broadened the variety of magnetized models. Especially, as a concrete phenomenological example, we have analyzed the case that the fluxed gauge symmetries possessing nonvanishing FI-terms are two U(1) symmetries under which the right-handed neutrinos are charged. In this case, the sneutrino VEVs along the D-flat directions cancel the FI-terms out leading to a new class of SUSY vacua, where all the unwanted chiral exotics and massless adjoint fields, which generically appear in string or string-inspired models, are eliminated completely. We have also studied the phenomenology of this model focusing on the effects of righthanded sneutrino VEVs which induce a mass term LH u in the superpotential. It violates the lepton number, and our model does not have the R-parity that is usually assumed to suppress the proton decay. Instead, we have found that our model has the Z 3 symmetry called the baryon triality, which forbids baryon number violating processes and ensures the long life-time of proton to be consistent with the non-observations of its decay. After diagonalizing the whole mass matrices of L, H u and H d , the lepton number violating masses are eliminated and consequently the lepton flavor structure is modified in this new basis. Such a correction for leptonic Yukawa couplings is determined by the interplay between the lepton number violating mass and the SUSY Higgs mass (so called µ-parameters) in the superpotential.
By introducing Higgs VEVs, we have finally performed a rough analysis for parameters those yield semi-realistic flavor structures, and shown sample theoretical values of mass ratios and mixing angles of quarks and leptons. Yukawa couplings in certain magnetized orbifold models have a texture which induces suitable hierarchies reasonably and yields a semi-realistic pattern of the hierarchies without hierarchical input parameters [17] . The texture is modified in our model due to the lepton number violating mass. Although the rough estimation in Section 3.3 shows some deviations from the observed values, we expect that they would be improved by the thorough analyses in future works, where CP-violating phases should also be studied (CPviolating phases of the quark sector in the magnetized orbifold models were recently studied in Ref. [32] ).
Accepting flux-induced FI-terms provides a new class of SUSY models in SYM theories compactified on magnetized tori/orbifolds. We expect that the scenario of cancellation between the FI-terms and the VEVs of bifundamental fields can be applied to the other model building for visible (e.g., from other gauge groups [33] ), hidden (e.g., SUSY breaking [34] ) and moduli stabilization sectors. Furthermore, if the localized fluxes like vortex configurations [19] also contribute to the FI-terms, it might be possible to generate nontrivial wavefunction profiles of charged fields [35] as in the five-dimensional SUSY [36] and supergravity [37] models. It is also interesting to consider the fluxed U(1) symmetry to be anomalous, and study the combination of flux-induced FI-terms and loop-corrected ones [13] caused by the anomaly. 
A Yukawa couplings
We show the analytic forms of Yukawa couplings for the model given in Section 3.1, where all the (super)fields Q i , U j , D i , L i , N j , E j , H um and H dm are in their original basis before the sneutrinos develop VEVs.
For the quark sector, the Yukawa couplings involving Q i , U j and H um are given by 
For the lepton sector, the Yukawa couplings between L i , N j and H um are given by 
